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(Received 25 July 2002; published 10 January 2003)014302-1We report on experiments on vertically shaken binary granular mixtures, which separate into their
components due to the external excitation. This well-known phenomenon, where large particles rise to
the top of the mixture, is called the Brazil-nut effect. Recent theoretical findings predict also a reverse
Brazil-nut effect, where large particles sink to the bottom of the container. We choose spherical beads of
various diameters and materials in order to observe the transition from Brazil-nut effect to its reverse
form. The direction of demixing depends sensitively on the external excitation, so that it is possible to
switch between both effects for a given mass density ratio.
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system of monodisperse spheres condensate. This critical
ter attached to the base plate of the Perspex cylinder. The
granular materials used were spherical particles withGranular media consisting of small and large particles
tend to demix when shaken vigorously enough. The
Brazil-nut effect — if a particle mixture is shaken verti-
cally, the larger particles will end up on top of the smaller
ones, like the nuts in a muesli package — became the
Drosophila melanogaster of granular media research
[1–5]. Numerical simulations could validate the rise of
larger particles [6,7]. Proposed mechanisms are, for ex-
ample, convective motion of the smaller particles, which
drag the larger ones to the top [3] or the filling of voids by
the small particles, thereby lifting the larger ones [2,6,7].
Contrary to these common observations, Shinbrot [8],
however, noticed that a large particle, depending on its
density, could also sink to the bottom of the container.
Recent theoretical investigations [9–11] explained that
both effects, the rise or descent of the larger particles,
may occur. The latter case has become known as reverse
Brazil-nut effect. A simple relation between the size and
density ratios of the particles predicts the borderline
between both effects [9]. In this Letter we report on ex-
perimental tests of the validity — and limitations — of
this theory.
One approach to describe an externally driven granular
medium is to consider the individual particles as hard
spheres. The driving could be — as in the case of the
Brazil-nut effect — a vertical vibration of the container,
which confines the granules. For strong driving, where all
particles are in perpetual motion, the ideas of the kinetic
theory of gases can be applied. Then it is possible to define
a granular temperature T in analogy to a gas, using the
mean kinetic energy:
T / 1
N
X
i
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2
vi  hvi2 ; with hvi  1N
X
i
vi ;
where N is the total number of particles, andmi and vi are
the mass and the velocity of the ith particle, respectively.
Hong [12] calculated, on the basis of this model, a critical0031-9007=03=90(1)=014302(3)$20.00 temperature depends on the diameter d of the particles
and the initial filling height 
, measured in units of d. g
denotes the gravitational acceleration and 
0 is a con-
stant, which depends on the spatial dimension and the
underlying packing structure [12]. For a binary particle
mixture different critical temperatures do exist, as
pointed out by Hong et al. [9]. If a binary mixture of
spheres is agitated by an external shaker, such that the
granular temperature is in between the two critical val-
ues, one type of particle condenses while the other re-
mains fluidized. Which particle species will condensate
and therefore sink to the bottom of the container depends
on the size and mass of the particles. Following Rosato
et al. [6], Hong et al. [9] claimed that the crossover
condition is given when the ratio of the critical tempera-
tures is equal to the volume ratio of the two particle
species, which leads to the simple relation
dl
ds


l
s
1
; (1)
where dl, ds, l, and s are the diameter and the mass
density of the large l and small s particle, respectively. If
the diameter ratio is smaller than the inverse of the
density ratio the particle mixture should show Brazil-
nut effect and vice versa.
The prediction of formula (1) was put to the test by
creating an instable layering and shaking of the con-
tainer, as described in the following part. The experimen-
tal setup consists of a Perspex cylinder of 94 mm
diameter and 200 mm height, which is mounted on an
electromechanical vibration exciter (Bru¨l & Kjær, Type
4808). This container is shaken vertically by a sinusoidal
modulation of the gravitational acceleration. The device
operates at frequencies f between 0 and 100 Hz and
normalized accelerations   A2f2=g, where A is
the shaking amplitude and g the gravitational accelera-
tion. The acceleration  is measured with an accelerome-2003 The American Physical Society 014302-1
TABLE I. Spherical particles used in the experiment.
Material Density (g cm3) Diameter (mm)
Glass 2.5 4, 6, 8, 10, 16, 20, 22
Aluminum 2.6 2, 6
Bronze 8.9 10
Steel 7.7 2, 4, 6, 10
Polypropylene 1.5 10, 15, 20
Polyurethane 1.2 10, 16
Synthetic resin 1.1 20
Wood 0.8 8, 12
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binary mixture would show Brazil-nut behavior or its
reverse, we prepared a presumed instable configuration;
i.e., we put several layers of the type, which were pre-
dicted by (1) to rise during shaking, on the bottom of the
Perspex vessel. On top of these we placed one or more
layers of the second type. If the prediction was correct,
we would observe that the particles on top started to move
through the layers of the other particle type, ending up at
the bottom of the vessel (see Fig. 1). On the other hand, if
the prediction turned out to be wrong the initial layering
would be stable.
Most experiments have shown clearly either the Brazil-
nut effect [Fig. 1(a)] or the reverse form [Fig. 1(b)]. For
some particle combinations a mixed state was stable. The
results of the test and the theoretical borderline are shown
in Fig. 2. For 82% of the tested combinations (145 out of
178) the prediction of (1) was correct. The prediction
failed when one particle type was made of aluminum or
polyurethane. We assume that for these materials the
condition of hard spheres, which is one of the main
propositions in the theory of Hong et al. [9] was not
met. In the case of the reverse Brazil-nut effect it is
crucial to choose an appropriate filling height. It turnedFIG. 1 (color). Temporal evolution of the system. (a) Initially
8 mm glass beads on top of 15 mm polypropylene, which show
the classical Brazil-nut effect. (b) 10 mm bronze spheres on
4 mm glass beads showing the reverse Brazil-nut effect.
014302-2out that the effect is completely destroyed, if the initially
lower layer is too large.
The crossover condition was derived from the critical
granular temperatures in the range Tc1 < T < Tc2. In our
experiments we deliberately left this regime by adjusting
the amplitude and frequency. We prepared a random
mixture of 10 mm polyurethane and 4 mm glass beads.
The amplitude-frequency parameter space was explored
by increasing the shaking amplitude quasistatically from
zero to the maximal possible value, while keeping the
frequency fixed. Four different configurations have been
observed (Fig. 3): (i) At low amplitudes (< 0:8g) the
particles stay at rest. (ii) Between 0:8g and 1g the larger
particles start to wiggle around their initial positions.
Because of this motion gaps are created, through which
the small spheres can move downward and fill voids
below. The downward motion occurs for a certain time,
but ceases as the small particles reach again a stable
configuration. We call this regime hindered Brazil-nut
effect. (iii) Increasing the acceleration beyond 1g results
in rearrangements of the large spheres, ending in a hex-
agonal close-packed structure of the large spheres. In
addition, large gaps are created for short times, such
that the small particles are free to move downward. The
final stable configuration is that of the Brazil-nut effect,
where the small particles are at the bottom with the large
ones on top. (iv) For accelerations larger than 3:5g the
smaller particles tend to move upwards. At sufficient high
accelerations all small particles can pass the large ones.
Once on top, they behave like a granular gas and the
reverse Brazil-nut effect is established.
The transitions between the regimes (i), (ii), and (iii)
do not depend on the driving frequency. The important1.0
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FIG. 2 (color). Phase space for particle properties. The plot
shows the regimes where reverse (RBN) and classical Brazil-
nut effect (BN) occurs depending on the particle properties.
The solid line separating both areas is given by expression (1).
Each symbol represents one experiment. Symbols on top of
each other represent two different particle mixtures with the
same diameter and density ratio, but show different behaviors.
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FIG. 3. Particle behavior for different driving modes of the
shaker. The mixtures used are 10 mm polyurethane and 4 mm
glass spheres. Lines are drawn to guide the eye.
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ever, that the transition between the Brazil-nut (iii) and
its reverse effect (iv) depends on both acceleration and
frequency.
Our experimental results confirm that the theory by
Hong et al. [9] is able to predict the occurrence of the
reverse Brazil-nut effect correctly. However, if the theo-
retical propositions (hard spheres, granular temperature T
between the critical temperatures) are not fulfilled, the
entire scenario changes.
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Note added.—Recently we became aware of a con-
troversy regarding the experimental verification of the014302-3reverse Brazil-nut effect [13–16]. We cannot explain why
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